The gene for the large subunit (LS) of ribulose-1,5-bisphosphate carboxylase of Euglena gracilis Z chloroplast DNA has been mapDed by heteroloqous hybridization with DNA restriction fragments containing internal sequences from the Zea mays and Chlamydomonas reirihardii LS genes. The Euglena LS gene which has the same polarity as the Euglena rRNA genes has been located with respect to Pst I, Pvu I, and EinAlll sites within the Eao RI fragment Eco A. The region of Euglena chloroplast DNA complementary to an 887 bp internal fragment from the Chlamydomonas chloroplast LS gene is interrupted by a 0.5-1
INTRODUCTION
The chloroplast enzyme ribulose-1,5-bisphosphate carboxylase (RuBPCase, E.C.4.1.1.39) catalyzes the C02-fixation reaction in plants and algae. The enzyme is also an oxygenase, and is involved in photorespiration. The RuBPCase is a multimeric protein of eight identical large subunits (LS) of molecular weight 50-55,000 and eight identical small subunits (SS) of molecular weight 12-14,000 (1, 2) . The SS is encoded in a low copy number, nuclear gene family (3) , and translated in the cytoplasm as a larger precursor (4) . The LS is chloroplast DNA (ct DNA) coded (5, 6, 7) , and present in several hundred to several thousand copies per cell, depending on ct DNA repetition frequency.
The LS gene has been mapped for ct DNA from Zea mays (6) , Chlamydomonas reinhardii (7) , Spinacia oleracea (8, 9) , and Niootiana tabacum (10) . These circular chloroplast genomes, and those of all higher plants characterized to date except some legumes, are similar in overall DNA organization; a large and small single copy region are seoarated by a ca. 30 kbp inverted repeat DNA (11, 12) . The LS gene locus is in the large single copy region. The LS is a highly conserved polypeptide (13). The DNA sequence of the Z. mays (14) and S. oleracea (8) LS genes have been reported.
The circular chloroplast genome of Euglena gracilis, a unicellular photosynthetic organism, consists of a tandem array of three and a portion of a fourth 6 kbp repeated DNA, each containing a ribosomal DNA transcription unit and a single, large single copy region (15, 16) . In order to map the position of the Euglena LS gene, as a prelude to studies on transcriptional regulation during chloroplast development, we have used radiolabeled, internal portions of the maize and Chlamydomonas LS genes to probe membrane filter blots of Euglena chloroplast DNA restriction fragments. In this report, we describe the physical location, polarity, and cloning of the Euglena LS gene, and the detection of LS mRNA. In addition, evidence is given that the gene is interrupted by an intervening sequence.
METHODS

Chloroplast DNAs
Intact, superhelical ct DNA was isolated from both Euglena graoilis Klebs, Strain Z Pringsheim and E. graoilis baeillaris as nreviously described (17) . Tobacco (ff. tabaoum) ct DMA was generously provided by Dr. D. Borque and spinach (S. oleracea) ct DNA was generously provided by Dr. W. Thompson. Recombinant Plasmid DNAs E. ooli C600 strain LS1078 (hsd R~, hsd M + , Su-2, gal-96, str R, ILV-6, Thi-1, Thr") was provided by Dr. L. Soil for use as a host cell in cloning experiments. The plasmids pBR322 (18), pBR325 (19) and pTR262 (20) were used as cloning vehicles. The plasmid pZMC461 which contains the internal 574 bp Pst I fragment from the LS gene of maize (14, 21) was a generous gift from Dr. L. Bogorad. The plasmid pCR34 which contains the 1.5 kbp LS gene from Chlamydomonas on a 6.2 kbp Eao RI ct DNA fragment was generously provided by Dr. J.-D. Rochaix (7) . Euglena ct DNA fragments were ligated into selected vector restriction sites (pBR322, pBR325 or pTR262) by standard procedures. Cells (LS1078) were made competent and transformed as described (22) . Plasmid DNAs were prepared from logarithmically growing cultures, following plasmid amplification, by the addition of 240 yg/ml chloramphenicol (23) . Plasmid DNA was purified by the cleared lysate technique of Guerry et al. (24) .
DNA Gel Electrophoresis and Preparation of Hybridization Probes
Restriction endonuclease digestion reactions of ct DNAs and DNA fragment separation by agarose and polyacry!amide gel electrophoresis were performed by standard methods (25) . DNA restriction fragments separated on agarose gels were excised from the gels and extracted (26) . DNA restriction fragments separated on acrylamide gels were eluted from the gel material by a crush and soak procedure (27) . Gel purified DNA fragments to be used as LS specific hybridization probes were radioactively labeled by the nick-translation activity of E. coli DNA Polymerase I to a specific activity of 10 8 cpm/ug (28) . Euglena Chioroplast RNA Isolation Growth of cells, isolation of chloroplasts and isolation of RNA was as previously described (29) . Ct RNA was applied to a G50-150 Sephadex column (1 cm x 20 cm) previously equilibrated with 0.1 M Na Acetate pH 6.5 and 0.1% SDS. The Sephadex column effectively removes aurintricarboxylic acid which is used in the ct RNA preparation as a general nuclease inhibitor (30) . The ct RNA which eluted in the void volume was ethanol precipitated. The ct nucleic acid precipitate was collected, redissolved and fractionated on a 5 to 20% sucrose gradient (3) . RNA fractions from the sucrose gradient were concentrated by ethanol precipitation.
A rabbit reticulocyte lysate translation system (NEN, Reticulocyte lysate/Methionine L-[
35 S] Translation Kit) was used to translate Euglena ct mRNA. The translation and hybrid arrest translation procedures are described elsewhere (31) . Preparation of Dried RNA Gels for -in situ Hybridization The RNA fractions from the sucrose gradient were electrophoresed in a 13 cm x 11 cm x 0.3 cm 2% agarose, 7 M urea gel. The gel fractionated RNA was stained and photographed (29) . The urea was removed by soaking the gel for one hour with five changes of distilled water. The gel was dried between two squares of Whatman 3 MM paper in a vertical position in a 37°C oven. The dried gel was re-photographed to record any changes in the gel dimensions and RNA pattern from drying. Hybridization of 32 
RESULTS
Maize and Chlamydomonas LS Specific Hybridization Probes
The location of the LS gene of Euglena graoilie ct DNA was determined by using specific LS gene probes from maize and Chlamydomonas ct DNAs. The maize probe is a 574 bp internal Pst I restriction fragment of the LS gene, beginning at position 163 and ending at position 737 from the 5'-end of the 1425 bp coding locus. The Chlamydomonas probe is an 887 bp internal Hindlll fragment from the LS gene, which overlaps the maize probe in the center of the coding locus and terminates 221 bp from the 3'-end of the gene (33) . Note that the maize and Chlamydomonas LS probes are specific for the 5'-and 3'-portions of the amino acid coding region, respectively. The Chlamydomonas LS gene had previously been mapped to the Eoo RI fragment Rl5 of Chlamydomonas chloroplast DNA (7) . The 887 bp Hindlll fragment was purified from an R15 containing plasmid (pCR34) by subcloning in the Hindlll site of pBR322 to yield a plasmid designated pCR34.1.
The 574 bp maize and 887 bp Chlamydomonas DNA fragments were isolated from their plasmid vectors and individually radioactively labeled with an a 32 P-ATP to a specific activity of approximately 10 8 cpm/ug by nick translation. The radioactive probes were then each hybridized to membrane filter blots of Pst I cut pZMC461 and Hindlll cut pCR34.1 plasmid DNAs. In each case there was cross hybridization of the 32 P-labeled LS probe to the heterologous non-labeled LS probe (data not shown). Detection of Euglena LS mRNA Two approaches were used to show complementarity between the maize and Chlamydomonas LS genes and a Euglena chloroplast mRNA. First a hybrid arrest translation was performed using total Euglena chloroplast RNA and the plasmid pCR34 which contains the Eao RI fragment R15 of Chlamydomonas ct DNA. The results of the experiment are shown in Figure 1 . A major translation product of Euglena ct RNA in a rabbit reticulocyte lysate is a polypeptide of MW 55,000 which co-migrates with authentic Euglena LS. The LS polypeptide has previously been shown to be the major in vitro translation product of Euglena ct RNA in a wheat germ extract (35) . Synthesis of the 55 kd polypeptide is not inhibited in the reticulocyte lysate by hybridization of ct RNA with a plasmid DNA containing the ct rRNA genes ( Figure 1 , lane 2). However, synthesis of this polypeptide is completely abolished by hybridization to pCR34 DNA ( Figure 1, lane 3) . Therefore there must be homology between the mRNA for the 55 kd Euglena polypeptide and Chlamydomonas chloroplast DNA fragment R15 which contains the LS gene.
A second approach was to hybridize the 32 P-LS DNA probes to Euglena ct RNA which had been fractionated by rate zonal centrifugation in a sucrose gradient. Individual gradient fractions were further resolved by electrophoresis through an agarose/urea gel. The gel was dried and the gel immobilized RNA was hybridized to a mixture of the maize and Chlamydomonas LS DNA probes.
The results are shown in Figure 2 . The strong hybridization at the top of the gel is due to ct DNA which sedimented to the bottom of the sucrose gradi- •a ent. This was confirmed by restriction endonuclease analysis of nucleic acids of fractions 9-10 (not shown). This heterologous DNA-DNA hybridization is the basis for the gene mapping experiments described below. In addition, there is a discrete hybridization signal in sucrose gradient Fragments 3-7. This is the presumptive Euglena LS mRNA. This RNA co-sediments with ct 16 S RNA in the sucrose gradient, corresponding to a size of 1.5 kbp. In an agarose/ urea gel, the RNA runs between 16 S and 23 S rRNAs, corresponding to a size of 2.0 kbp. The gel and gradient conditions are not totally denaturing which contributes to uncertainty in the LS mRNA size estimate. The Eualena Chloroplast LS Gene is Located on Eco RI Fragment Eco A
The location of the Euglena gmcilis, Strain Z Pringsheim LS gene was determined with respect to restriction endonuclease cleavage sites for the following enzymes: Eco RI (31 sites in Euglena ct DNA), Hae II (14 sites), Bal I (11 sites), Pvu II (6 sites), Pst I (5 sites), Pvu I (4 sites), Kpn I (4 sites), Ava I (17 sites), and Hindi 11 (75 +_ 5 sites) (16) . The restriction endonuclease map for six of these enzymes is shown in Figure 3 (16) . To define the approximate location of the LS coding locus, a mixture of LS DNA probes from maize and Chlamydomonas was hybridized to Southern (36) blots of Euglena ct DNA treated with Eco RI and one of the additional enzymes Ava I, Figure 6 , the maize LS DNA probe hybridizes only to the 2.5 kbp Eoo Rl-Pst I fragment, which is cleaved three times by ffindlll. The Chlamydomonas LS DNA probe hybridizes to the same fragment, and the 3.5 kbp Bal l-Pst I fragment, which is cleaved by Hindlll and Pvu I. To locate the coding locus with respect to these flindlll and Pvu I sites, Euglena chloroplast DNA was digested with Eoo RI and Pvu I, Hindlll and Pvu I, and Hindlll alone. Southern blots of the resulting fragments were first hybridized with the maize LS DNA probe. Following autoradiography the hybridizations were continued in the presence of Chlamydomonas LS DNA probe, and a second autoradiogram was obtained. The results are shown in Figure 7 . The maize LS DNA probe hybridized to the 3.6 kDb Eao Rl-Pvu I fragment of Eco A and to Eindlll fragments 41 and 53 ( Figure 7, lanes lb,  2b, 3b) , which correspond to the 1.2 and 0.9 kbp fragments, respectively, in Figure 6 . The maximum extent of the DNA complementary to the 574 bp maize probe is the 1.5 kbp locus shown in Figure 6 . The ami no acid coding region of a continuous Euglena LS gene of the same size as the 1425 bp maize LS gene would be expected to terminate in the 1.1 kbp Pst l-Pvu I fragment of Eco A (Figure 6) . Surprisingly, the Chlamydomonas LS DNA probe hybridizes well beyond the Pvu I site. Hybridization is obtained with the 19 kbp Eco APvul B overlap fragment (Figure 7 , lane lc), the 3 kbp Hindlll 15 ( Figure 5 , lane 6; Figure 7 , lane 2c), and the 2.7 kbp Pvu I cleavage product of Hindlll 15 ( Figure 7, lane 3c) . In particular, the portion of the Euglena ct DNA giving the strongest hybridization with the Chlamydomonas LS DNA probe is the 2.4 kbp DNA bounded by Pvu I and Bal I sites ( Figure 6, lanes a,d) . Therefore the 887 bp Chlamydomonas LS DNA probe is complementary to DNA sequences of the Euglena ct DNA that are a minimum of 1.1 kbp apart. This can only occur if the portion of the Euglena LS gene complementary to the Chlamydomonas LS probe is interrupted by non-coding DNA sequence(s) several hundred bp in length.
Internal Restriction Fragments within the Euglena LS Coding Locus Do Not Hybridize with Either Maize of Chlamydomonas LS Probes
In order to characterize the Euglena LS coding locus in more detail, various Euglena restriction fragments were purified as recombinant plasmid DNAs. With reference to Figure 6 , the 3.6 kbp Eco Rl-Pvu I fragment was isolated as a recombinant designated pEZC738 from a library of plasmids produced by cloning Eco Rl-Pvu I cut Euglena chloroplast DNA into the Eco RlPvu I sites of pBR325. The 1.2 and 0.9 kbp Hindlll fragments internal to the 3.6 kbp insert of pEZC738 were purified by subcloning from Hindlll cut pEZC738 into the vector pTR262 to give plasmids designated pEZC201 and pEZC202. The 1.2 and 0.9 kbp inserts of pEZC201 and pEZC202, respectively, are Hindlll fragments 41 and 53 (Figure 7) of Euglena ct DNA. In addition, a recombinant plasmid designated pEZC38 containing the 3 kbp ffindlll 15 was selected from a shotgun library of Euglena ct Hindlll fragments cloned into Hindlll cut pBR322. The plasmid DNAs of pEZC738 and pEZC38 represent a continuous sequence of 6 kbp of Eco A, including all of the DNA which hybridized to either the maize or Chlamydomonas LS probes.
To confirm that non-coding DNA is present within the Euglena LS coding region, the Euglena ct DNA segments of pEZC738, pEZC201, and pEZC202 were isolated, cut internally with a second enzyme, and electrophoresed. The resulting Southern blots were first hybridized with the Chlamydomonas LS probe, and following autoradiography, the maize LS probe. The results are shown in Figure 8 . The Chlamydomonas LS probe hybridized only to the 1.2 kbp Hindlll 41 ( Figure 8, lanes IB and 3B) , and only to the 0.7 kbpPst I cleavage product of #£ndIII41 (Figure 8, lane 2B) . The maize LS probe in addition hybridized to the 0.9 kbp flindIII53and the larger BsiEII cleavage product of Hindlll 53 (Figure 8, lanes 4C and 5C) . Neither probe hybridized to the 0.55 kbp Pst I cleavage product of Hindlll 41 (Figure 8, lanes 2B and 2C) . Furthermore the Chlamydomonas probe hybridized only weakly, if at all, to the Pvu I cleavage product derived from Hindlll 15. Therefore the region of Euglena ct DNA coding for the LS is interrupted by a DNA sequence not complementary to the LS gene of maize or Chlamydomonas of at least 0.55-1.1 kbp which is defined by Pst I and Pvu I cleavage sites ( Figure 6 ). 
The LS Gene of Euglena gracilis baoillaris
The LS mapping work described above was based on Euglena gracilis Klebs, Strain Z Pringsheim ct DNA. The closely related strain Euglena gracilis bacillaris has a very similar, but not identical ct DNA (16, 37) . Most differences are in the ct rDNA region. Strains Z and bacillaris have the same restriction sites and fragment size within the LS coding Eco A for the enzymes Bal I, Pvu II, Kpn I, and Pst I (37). To determine if the LS coding locus of strain Z and bacillaris are the same, the bacillaris ct DNA was digested with Eco RI and one of the enzymes Bal I, Pst I, and Ava I. The resulting membrane filter blot of the restriction fragments was hybridized with a mixture of the 32 P-LS probes from maize and Chlamydomonas. Specific To show complementarity between the Euglena LS coding locus and the previously sequenced LS gene of S. oleracea, the 1.2 kbp fftndlll fragment of pEZC201 (ffiwdlll 41), which contains both LS coding and non-coding DNA, was nick-translated and hybridized to Southern blots of both S. oleracea and N. tabacum ct DNA. The Euglena LS probe hybridized specifically to the spinach ct DNA fragments Pst 2 and Sal 3 (38) (data not shown). Pst 2 contains the LS sequences 169-1425 and Sal 3, the entire spinach LS gene (8, 9) . The Euglena LS probe also hybridized specifically to the 8.8 kbp Xho I fragment X8 (39) of N. tabacum ct DNA (data not shown). An analysis of sequence relatedness between spinach and tobacco ct DNAs has been reported (40) . Spinach fragment Sal 3 is known to be complementary to a portion of tobacco fragment X8 that overlaps with Pvu II product P4 (39, 40) . This region corresponds to the previously reported tobacco LS coding locus (10) , which can now be more narrowly defined as the 5.4 kbp overlap of X8 and P4 (39) .
DISCUSSION
The mRNA and the DNA coding locus for the large subunit polypeptide of ribulose-1,5-bisphosphate carboxylase/oxygenase of Euglena gracilis chloroplasts have been identified. Heterologous hybridization between Euglena ct DNA or RNA and authentic DNA probes of known internal sequences from LS genes of Chlamydomonas and maize was employed. Under appropriate reaction conditions (41) in which some degree of DNA-DNA or DNA-RNA base-pair mismatching is allowed, very specific hybridization can be demonstrated. In the present study, heterologous hybridization involving five different LS genes has been obtained. These are Euglena, Chlamydomonas, maize, spinach and tobacco. This extends the work of others who have shown complementarity between LS genes of maize and spinach (9) , and of spinach and tobacco (10) . Our findings are in contrast to a report that the maize and Euglena LS genes do not cross hybridize (9) .
In addition to the LS gene, we have obtained cross hybridization between two spinach chloroplast thylakoid membrane protein genes and specific Euglena ct DNA restriction fragments (42) . These genes encode a 32 kd polypeptide of photosystem II and the B-subunit of the CF-|-ATPase coupling factor. Our prediction is that heterologous hybridization will be of broad, general utility in mapping most chloroplast genes from almost any ct DNA.
In this work, it proved necessary to purify an internal segment of the Chlamydomonas LS gene to use as an LS probe, rather than using the entire 6 kbp Eao RI fragment R15 that was initially available. There is a significant homology between R15 and a locus on Euglena ct DNA Eao RI fragment Eco C that is unrelated to the LS gene. The detection of this homology, however, led to our initial speculation that the Euglena LS gene might be on Eco C (31). Based on this experience, we would recommend that only internal gene sequences be used for gene mapping by heterologous hybridization.
Two approaches were used to detect complementarity between the LS gene probes and Euglena ct LS mRNA. The cell free translation experiments described above do not represent a conclusive demonstration of LS mRNA activity. However, when considered together with all other data, the most probable identification of the in vitro synthesized 55 kd polypeptide is the LS. The identification of LS mRNA by hybridization of immobilized RNA in a dried agarose gel is a new method. This approach is an alternative to immobilization of RNA by covalent attachment to membrane filters for hybridization (43) . This new method has several advantages. It is simple and inexpensive. After drying, the gels, which do not rehydrate, are not fragile, and can be photographed for a permanent record of the RNA transfer. As judged from gel photos, RNAs of sizes >^ 1 kbp are essentially quantitively retained during drying. It is possible that small RNAs are lost during drying or hybridization, but this problem has not been studied. The two hybridization probes used in this study were well suited for detectinq different reqions of the Eualena LS amino acid codinq locus. In maize (14) , spinach (8) , and Chlamydomonas (33) chloroplast DNAs the LS gene is 1425 bp in length. The maize probe contains the nucleotides 168-737 and the Chlamydomonas probe, the sequences 387-1274 from the amino terminus of the gene. Thus neither probe could hybridize to the amino terminus (1-167) or carboxy terminus (1275-1425) of the gene, and both could hybridize to a central region (387-737). The non-overlapping sequences of these DNAs were bases 168-386 and 738-1274 in the maize and Chlamydomonas LS probes, respectively.
The most unexpected result of this study was the evidence for an intervening sequence(s) within the coding locus for the Euglena LS gene. Although this conclusion is to date based on only one type of experimental evidence, it is supported by three independent observations. First, the 887 bp Chlamydomonas LS probe hybridized to two different regions of Euglena ct DNA at least 1.1 kbp apart. This is the 1.1 kbp region bounded by Pst I and Pvu I sites ( Figure 6 ). Second, a 0.55 kbp Pst l-Hindlll fragment (Figure 8 , 2B andC), and most or all of a 0.5 kbp Pvu l-Hindlll fragment within the boundaries of the coding locus do not hybridize with either LS probe. This lack of hybridization is not likely due to an internal region of very low sequence homology with the LS probes that is not detected by heterologous hybridization. The maize, spinach, and Chlamydomonas LS DNA and amino acid sequences are highly homologous throughout the entire LS gene (8, 14, 33) . Thirdly, two sites that are only 1.1 kbp apart in the amino acid coding sequence are at minimum separated by 1.7 kbp in the Euglena chloroplast DNA. Using the maize numbering system as reference, position 168 can be no farther into the Euglena coding locus than the Hindlll site between Hindlll 41 and 53 (the 1.2 and 0.9 kbp fragments in Figure 6b ). This is because the maize probe (coordinates 168-737) hybridizes to Hindlll 53 ( Figure 7 , lane 2C; Figure 8 , lanes 4C and 5C). Position 1274 in the coding locus is at minimum to the left of the Pvu I site in the 3.0 kbp Hindlll 15 (Figure 6a ), since the Chlamydomonas probe (coordinates 387-1274) hybridizes very strongly distal to this site ( Figure 7, lane 3C) . Thus two sites in the amino acid coding locus predicted to be 1106 bp apart, map at minimum 1.7-1.8 kbp apart in the Euglena graoilis chloroplast DNA. The only reasonable explanation for these data is the presence of one or more intervening sequences in the Euglena LS gene with a minimum size of 0.6-0.7 kbp. This is the first evidence for an intervening sequence within a chloroplast protein gene. The LS genes of maize, spinach, and Chlamydomonas which have been characterized by R-loop analysis (7, 8) and DNA sequencing (8, 14) do not contain intervening sequences, nor do any other known chloroplast protein genes. There are, however, examples of introns in chloroplast rRNA and tRNA genes. The 23 S rRNA genes of Chlamydomonas ct DNA have a 940 bp intron (47) . The rRNA transcription units of maize ct DNA contains tRNA and tRNA genes which are split by introns of 949 and 806 bp, respectively (48) . The rRNA transcription units of tobacco ct DNA also contain split tRNA Ile and tRNA Ala genes, with introns of 707 and 710 bp, respectively (49) . Finally, a tRNA gene of the large single copy region in maize ct DNA has a 458 bp intron within the anticodon (50) . We recognize the importance of confirming the identification of the Euglena LS intron(s) by an independent line of evidence, and, to this end, have initiated a DNA sequence analysis of the coding locus. It will be of considerable interest to determine the number, location, exon-intron boundaries, and size of the intervening sequence(s) of the Euglena LS gene, and to explore whether introns are present in any other chloroplast protein genes.
